Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a progressive cardiomyopathy characterized by fibrofatty infiltration of the myocardium, ventricular arrhythmias, sudden death, and heart failure. ARVC may be an important cause of syncope, sudden death, ventricular arrhythmias, and/or wall motion abnormalities, especially in the young. As the first symptom is sudden death or cardiac arrest in many cases, an early diagnosis and risk stratification are important. Recent advances in diagnostic modalities will be helpful in the early diagnosis and proper management of patients at risk. Restriction of strenuous exercise and implantation of implantable cardioverterdefibrillators are important in addition to medical treatment and catheter ablation of ventricular tachycardia. Recently introduced genetic screening may help to identify asymptomatic carriers with a risk of a disease progression and sudden death.
Intercellular junction is disrupted due to abnormal desmosomes, especially under increased mechanical stress. The canonical Wnt-bcatenin signaling pathway is also involved in the pathogenesis of ARVC. b-catenin interacts with members of the TCF-LET (T-cell factor-lymphocyte-enhancing factor) family of transcriptional factors and suppresses the differentiation of mesodermal precursors into adipocytes and fibrocytes by suppressing the expression of adipogenic and fibrogenic genes. 9 With abnormal desmosomal assembly, plakoglobin is translocated from the sarcolemma to the nucleus and antagonize the effects of b-catenin. Then, plakoglobin suppresses Wnt-b-catenin signaling and increases the expression of adipogenic and fibrogenic genes. Finally, typical fibrofatty changes develop. 10 Arrhythmogenic right ventricular cardiomyopathy is mostly transmitted as an autosomal-dominant trait. Autosomal-recessive forms are rare, mostly in the cardiocutaneous syndromes such as Carvajal syndrome and Naxos disease. 8 Many studies showed that compound and digenic heterozygosity were common and these multiple mutations were associated with earlier manifestation and more malignant phenotype, suggesting "digenic heterozygosity''. [11] [12] [13] Recently published animal study demonstrated that loss of PKP2 only in adult myocyte was sufficient for the development of an arrhythmia without overt structural disease, that later gives way to an ARVC and finally, a biventricular dilated cardiomyopathy (DCM). 
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| Pathology
Progressive myocardial cell death and subsequent fibrofatty infiltration are the primary findings in ARVC. Fibrofatty infiltration starts from the epicardium, then extends to the endocardium and leads to wall thinning and aneurysmal changes especially in the RV inlet, RV outlet, and apex; the so-called triad. 1, 2, 15 This concept now changed with the demonstration of a high prevalence of left ventricular (LV) involvement. 13, [15] [16] [17] [18] [19] The fibrofatty infiltration also slows down electrical conduction, and ventricular tachyarrhythmias may develop.
Recent study showed that fibrosis occurs after mechanical dysfunction is detected, suggesting that the fibrosis may reparative.
14 Arrhythmogenic right ventricular cardiomyopathy was initially considered as a developmental defect of the RV myocardium, that is, dysplasia. 1 However, ARVC is now considered as a genetically determined cardiomyopathy. 15 In some patients, inflammatory infiltrations are associated with fibrofatty infiltrations. 6, 15, 20, 21 The onset of the disease from the teenage years onward might be related to the completion of intercalated disk maturation, or the need for exposure to a certain amount of exercise before ARVC becomes manifest. 4 Some stages have been suggested in the natural history of ARVC. In the early "concealed phase," a structural change is absent or minor, but patients may be at risk of SCD caused by sustained VT or ventricular fibrillation (VF) similar to ion channel disease. 3, 14, 22, 23 The study of Cerrone et al 24 suggested that fibrofatty changes may be preceded by gap-junction remodeling, which is associated with a reduction in the amplitude of the sodium current, slowed conduction, and an increased propensity for ventricular arrhythmias and these could occur in the absence of detectable structural disease, similar to the concealed phase of ARVC. PKP2 mutation-associated impaired sodium current could yield a Brugada syndrome phenotype. 22 Most SCDs occur during ordinary daily activities. 16, 20 In the overt "electric phase," patients show ventricular arrhythmias with manifested structural abnormalities of the ventricles.
Patients may suffer from a VT, but with a lower risk of SCD than patients with the early concealed phase. In a large transatlantic study, the median age of patients with monomorphic VT was 36 years, 13 years more than those with SCD. 25 In the later phase, patients suffer from heart failure, ventricular arrhythmias, and thromboembolisms. Recent study showed that about one-fifth of their patients presented after 50 years old and presented predominantly with sustained VT and were less likely to have prior syncope, ECG changes, ventricular ectopy, or identifiable pathogenic mutations, and more atrial arrhythmias than patients with early presentation. 26 
| CLINICAL PRESENTATION
The clinical presentation is diverse, from exercise-related SCD as the first symptom in the young, to biventricular heart failure in the elderly. Most patients with ARVC come to medical attention because of ventricular arrhythmias and/or ECG abnormalities. The disease expression is highly variable, even among subjects from the same family or those carrying the same mutation. Half of ARVC cases are considered as familial with an autosomal-dominant inheritance with incomplete penetrance and variable expressivity. That suggests the influence of environmental factors and other genetic modifiers in the manifestation of ARVC such as age-related progression, sex-hormone differences, differences in the amount and intensity of strenuous exercise, and the presence of other modifier genes.
Arrhythmogenic right ventricular cardiomyopathy is an important cause of SCD, especially in young adults. 16, 20 Clinical manifestations, including palpitation, syncope, VT, and SCD, usually develop between the second and fourth decades of life. 4, 17, 25 The risk of life-threatening arrhythmias reaches its peak between ages 21 to 40 years as 4.0 per 100 person-years. 23 The patients with a pediatric onset were typically male mutation carriers and were more likely to present with SCD or an aborted cardiac arrest, whereas adults more often presented with sustained VT. 27 Recent Japanese study showed that radical mutation carriers exhibited earlier onset of lethal ventricular arrhythmias than missense mutation carriers or mutation-negative patients.
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The disease is more prevalent, earlier onset and is more malignant in its arrhythmic expression in men than in women, which can be explained by the influence of sex hormones and the differences in the amount and intensity of exercise. 6, 25, 29, 30 Previous study suggested no significant gender difference in the occurrence of heart failure and LV dysfunction. 25 However, a recent Japanese study showed significantly higher risk of heart failure death or heart transplantation in female. 29 These discrepancies were explained by no inclusion of family members, longer follow-up, and smaller body surface area of patients in Japanese study. 29 At least half of patients have normal findings on physical examination. 1 With progressive RV dilation, a tricuspid regurgitation murmur and giant a wave may be observed. About one-third to half of patients with ARVC have a normal ECG. More than half of patients have ventricular arrhythmias of an RV origin and these ventricular arrhythmias show multiple QRS morphologies in many cases. 7 The most common repolarization abnormality is T-wave inversion in V 1 to V 3 . Sometimes, epsilon wave is seen in the right precordial leads.
A minority of patients exhibit ECG and clinical features of Brugada syndrome. 31 Arrhythmogenic right ventricular cardiomyopathy seems to be responsible for some unexpected perioperative deaths. 20 Most pregnancies were tolerated well. 32 One autopsy study showed that 2 of 200 cases of SCD associated with ARVC occurred after childbirth. 20 Atrial arrhythmias are common in patients with ARVC and present at a younger age than in the general population. 23, 33 Atrial arrhythmias are clinically important as they are associated with inappropriate ICD shocks and an increased risk of both SCDs and heart failure.
A previous study showed that LV involvement was age dependent and usually seen in patients with a late stage. 2 However, biventricular or left dominant forms can be observed in any stage of the disease with the aid of cardiac MR nowadays. 18, 19, 34 35 Unfortunately, this criteria lacked sensitivity for early and familial disease. 35 In 2010, the diagnostic criteria were revised to improve the diagnostic sensitivity, while maintaining the specificity (Table 1) . 36 The modified criteria included qualitative in addition to quantitative data and new diagnostic modalities such as cardiac MR and genetic test. However, even with new criteria, the diagnosis remains problematic. 37 Unfortunately, the modified criteria are not touching a left dominant form and cannot differentiate sarcoidosis from ARVC. 34, 38, 39 Diagnosis was considered definite when 2 major, or 1 major and 2 minor criteria, or 4 minor criteria from different categories, were fulfilled. Diagnosis was considered borderline when 1 major and 1 minor or 3 minor criteria from different categories were fulfilled. Diagnosis was considered possible when 1 major or 2 minor criteria from different categories were fulfilled.
Epsilon waves, T-wave inversion in V 1 -V 3 , a QRS duration ≥110 ms in V 1 -V 3 , and a prolonged S-wave upstroke in V 1 -V 3 ≥55 ms were common ECG findings among patients with ARVC ( Figure 2), and a prolonged S-wave upstroke in V 1 -V 3 ≥55 ms was the most frequent ECG finding and may be considered as a sensitive and specific marker for the diagnosis of ARVC. 40 ECG abnormalities such as epsilon wave, T-wave inversion, and late potential are more frequently observed in patients' multiple desmosomal gene mutations. 13 As the interobserver variability in the assessment of the epsilon waves is high, caution is needed.
The RV size and function are usually evaluated using a variety of imaging modalities, including 2D echocardiography and cardiac MR.
RV angiography and computed tomography are rarely used nowadays. Two-dimensional echocardiography and cardiac MR are the most commonly used imaging modality as they are noninvasive, widely available, radiation free ( Figures 3 and 4) , and Revised Task Force Criteria contain mostly 2D echocardiography and cardiac MR criteria. 18, 36, 41 Typical morphological features are regional RV akinesia, dyskinesia, aneurysm, or dyssynchronous contraction. A quantitative assessment of the RV function is challenging due to complex anatomy and load dependency of the RV and requires high expertise.
Multiple VTs induced during electrophysiologic study suggest underlying ARVC. One Chinese study showed that subjects with mutations not only had a higher proportion of VT history, but also a higher ratio of fast VT (≥200 bpm) induced during electrophysiologic test. 42 The isoproterenol infusion test is highly sensitive for the diagnosis of ARVC, particularly in its early stages. 43 Histologic confirmation of pathology is essential in suspected cases of ARVC when all noninvasive evaluations are ambiguous (Figure 5 ). The sensitivity of endomyocardial biopsy (EMB) in a simulated study using explanted heart varied from 60%-95% according to the RV sampling sites, 44 which was higher than 51% of the in vivo human study. 45 The results of simulation study showed no diagnostic value of either septal or LV biopsy, so negative septal biopsy does 
| Genetic test
Identification of a putative gene mutation in patients with suspected ARVC is a major diagnostic criterion. Gene mutations are identified in up to 60% of patients. 4, 13, 17, 25, 28, 42, 48 So, the lack of an identifiable mutation does not exclude the diagnosis of ARVC. The most commonly affected gene is PKP2, followed by DSP, DSG2, JUP, and DSC2 and screening of nondesmosomal genes marginally affects the detection rate for mutations. 4, 12, 17, 37, 42, 49 PKP2 mutation is the most common desmosomal gene mutation in Caucasian and Chinese studies. 4, 12, 17, 42 However, a recent Japanese study showed that DSG2 mutation is the most common, suggested some racial difference even among Asian. 28 In another 16%, the analysis yields variants of uncertain significance. 8, 49 The signal-to-noise ratio is about 4:1, much lower than that of long QT syndrome (19:1) or catecholaminergic polymorphic VT (20:1). 8 Radical mutations have a high probability of ARVC-associated mutations, whereas rare missense mutations should be interpreted with great caution as the frequency of missense mutations was similar between probands and controls. 49 Missense mutations in Caucasian patients, within the DSP and DSG2 "hot spot," and a conserved PKP2 and DSG2 residue are more likely pathogenic. 49 Recent Japanese study showed that DSG2 mutations were almost missense, whereas over 90% of PKP2 mutations were radical. 28 Some mutations of "genetic variants of unknown significance" may act as a -or fractional area change >33% to ≤40%
By MRI:
• Regional RV akinesia or dyskinesia or dyssynchronous RV contraction
• and 1 of the following:
-Ratio of RV end-diastolic volume to BSA ≥100 to <110 mL/m 2 (male) or ≥90 to <100 mL/m 2 (female)
-or RV ejection fraction >40% to ≤45%
Tissue characterization of wall Extreme caution is necessary regarding both obtaining a genetic test and interpreting its significance. Some experts recommend referring a patient with a questionable diagnosis of ARVC to a specialty center rather than ordering the genetic test. 8 The presence of a genetic mutation alone cannot override the clinical judgment regarding the diagnosis of ARVC, nor should the absence of a mutation in the setting of compelling clinical evidence call the diagnosis into question. 
Major Minor
Family history Cardiac MR has become the preferred imaging technique because it enables visualizing both structural and functional ventricular abnormalities with the use of late gadolinium enhancement even before the development of wall thinning or motion abnormalities. 18, 37, 50 Unfortunately, late gadolinium enhancement is not included in the modified criteria. Recent study from Swiss showed that the modified criteria of cardiac MR showed an optimal (100%) specificity, but a poor (53%) sensitivity and the high diagnostic accuracy was achieved by the combined evaluation of wall motion abnormality with signal abnormality including fat infiltration and late gadolinium enhancement. 18 Electrical abnormalities on the ECG and Holter monitoring are known to precede detectable structural abnormalities in ARVC mutation carriers. 51 Thus, cardiac MR is probably not necessary in the absence of these electrical abnormalities.
Unfortunately, cardiac MR cannot be used in patients with claustrophobia, unstable arrhythmias, and some implanted cardiac devices. The differential diagnosis of ARVC from cardiac sarcoidosis and myocarditis by cardiac MR is challenging. Some experts think that the routine use of cardiac MR should be limited to centers with experienced specialists.
| Differential diagnosis
The differential diagnosis from other diseases may challenging in substantial cases ( Table 2 ). The differential diagnosis of early-phase larger RV diameter compared with the RVOT tachycardia patients. 53 One study showed that ECG findings such as RVOT tachycardia or ectopy with a QRS duration in lead I of ≥120 ms, the earliest onset QRS in lead V 1 , QRS notching, and a transition of V 5 or later predicted the presence of ARVC. 54 Another recent study showed that RVOT ectopy with an intrinsicoid deflection time >80 ms, a QS pattern in lead V 1 , and QRS axis >90°suggested ectopy associated with early ARVC. 52 Some patients may have typical features of Brugada syndrome. 31 Other differential diagnoses are sarcoidosis, myocarditis, congenital abnormalities, pulmonary hypertension, RV infarct, and DCM. Sarcoidosis should be suspected in the case of an elderly onset, nonfamilial pattern, high-grade atrioventricular block, and mediastinal lymphadenopathy. 39 The clinical distinction between DCM and advanced ARVC with biventricular involvement may difficult. Myocarditis and inflammatory cardiomyopathy may be differentiated by an electroanatomic voltage mapping-guided EMB.
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| PROGNOSIS
As ARVC is a progressive disease, risk factors may change during the follow-up requiring a periodic revaluation of the risks. Heart failure and SCD represent the main components of the overall mortality in such patients. 29, 55, 56 A large (n = 1001) transatlantic study showed that during a median follow-up of 7 years, 72% of index-patients presenting alive experienced sustained ventricular arrhythmias. 4 SCD during the follow-up occurred more frequently among index-patients without an ICD, and progression of ARVC resulting in symptomatic heart failure was observed in 13% of the index-patients. Overall, cardiac mortality and the need for cardiac transplantations were low at 6% and 4%, respectively. Overall, 89% of the index-patients were alive at the last follow-up. So, the long-term outcome was favorable if timely diagnosed and appropriately treated. ICD implantations significantly reduced the SCD incidence during the follow-up and improved the long-term outcome. Index-patients with and without identified mutations had a similar disease course and outcome although the disease onset was earlier in the index-patients with mutations. The longterm outcome in the family members was negatively influenced by the symptoms at first evaluation and the presence of mutations.
Recent Japanese study suggested that family members rarely developed ARVC-related symptoms, 28 and another Japanese study showed that most (84%) of deaths were due to heart failure. 56 The high prevalence of death due to heart failure may be due to aggressive therapeutic management including ICD implantation. The annual mortality rate reported in different studies varies considerably. The adverse prognosis of ARVC patients has been overestimated by reports from tertiary referral centers with high-risk patients, and studies from community-based patient cohorts and screening of familial ARVC reported a much better prognosis.
Previously mentioned large transatlantic study showed that most (82%) of the family members were asymptomatic and had a better event-free survival than the index-patients. 4 The long-term outcome in family members was negatively influenced by symptoms at first evaluation and the presence of mutations, family members with mutations had worse clinical outcomes. showed that the arrhythmic risk is related to the extent of RV scar lesions. 59 A recent study with a long-term (8.5 years) follow-up of 116 desmosomal gene mutation carriers with no prior sustained VT or VF showed that the arrhythmic risk during the follow-up is strongly related to the ARVC phenotype expression and presence of major risk factors such as syncope, ventricular dysfunction, or nonsustained VT and most of sustained arrhythmic events occurred in patients with overt disease and major risk factors. 60 Another large
Italian study showed that among 301 patients with ARVC, atrial fibrillation, syncope, participation in strenuous exercise after the diagnosis, hemodynamically tolerated sustained monomorphic VT, and a male gender were risk factors for life-threatening arrhythmic events during the follow-up. 23 Many studies with a genetic analysis showed that multiple or complex gene mutations were independent predictors of lifetime arrhythmic events or SCD, earlier occurrence of sustained VT/VF, more frequent LV dysfunction, heart failure, and cardiac transplantations. [11] [12] [13] 25, 42 However, no positive correlation was noted between the number of mutations and adverse outcome in a recent Japanese study. 28 These studies support the use of genetic testing as a prognostic impact, as the severity of the disease appears different according to the underlying gene or the presence of multiple mutations. However, a variable clinical expression among the same mutation carriers or even among family members suggests an effect of modifiers such as strenuous exercise. The North American Registry data showed that patients engaged in competitive exercise had an earlier presentation and higher risk of life-threatening arrhythmias and death when compared with inactive patients and those practicing only recreational sports. 61 A family history of SCD does not suggest an adverse prognosis in ARVC, suggesting a limited value of the genetic analysis in the risk stratification. 62 
| TR EATMEN T
The primary aim of the management of patients is the prevention of SCD and improving the quality of life by reducing arrhythmic and heart failure symptoms. 37 Therapeutic options consist of lifestyle modifications, pharmacological treatment, catheter ablation, ICDs, and heart transplantations. 6 As ARVC is a progressive disease changes in the therapeutic strategy may be needed during the follow-up.
| Lifestyle modification
Avoidance of competitive and strenuous sports is recommended in patients with ARVC. Endurance exercise has been shown to accelerate the progression of disease in both humans and animal models. [63] [64] [65] [66] [67] Physical exercise may aggravate mechanical uncoupling of myocytes. Impaired cell-to-cell adhesion may promote myocyte death during competitive sports activity-induced mechanical stress, which may trigger malignant ventricular arrhythmias. 37 Physical exercise increases wall stress to a greater extent in the RV than in the LV.
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About one-third of patients in North American Registry were athletes. 69 ARVC carriers who were endurance athletes and were symptomatic at a younger age, have more advanced disease, and experience more heart failure and arrhythmic events than those that are nonathletic. 66 Among the PKP2 mutation carriers, those who developed VT/VF were endurance athletics and that had higher intensity exercise during adolescence were associated with adverse outcomes. 67 Recent Japanese study also showed that competitive sports activity was associated with occurrence of lethal ventricular arrhythmias among young victims. 28 As competitive sports activity has been shown to increase the risk of SCD by fivefold in adolescent and young adults with ARVC, 70 early identification of affected athletes by preparticipation screening from age 11 and 12 years may life-saving. 23, 71, 72 Previous studies suggested that restricting unaffected desmosomal mutation carriers from endurance and high-intensity exercise is recommended but potentially not from the AHA-recommended minimum levels of exercise (≤650 MET hour/y) for healthy adults. 
| Medical therapy
Antiarrhythmic drugs are used in patients with ARVC to improve the quality of life by preventing symptomatic ventricular and atrial arrhythmias. Usual medication consist of b-blockers, amiodarone, and sotalol. 7, 23, 69, 73, 74 Although some studies showed beneficial effects of sotalol and amiodarone, most studies suggested no significant effects of those drugs in reducing the rate of life-threatening arrhythmic events. 13, 23, 56, 69, [73] [74] [75] Despite those limited data, b-blockers are currently recommended for both prevention of arrhythmias and reduction in ventricular wall stress. One recent study showed combination of sotalol/metoprolol and flecainide may be another option in refractory VT. 76 For patients with heart failure, standard pharmacological treatment with angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, b-blockers, and diuretics is recommended. Long-term oral anticoagulation is generally indicated for secondary prevention in patients with documented thromboembolisms. 6 A low birthweight of a newborn was associated with bblocker therapy during pregnancy. The use of 3D electroanatomic mapping systems and epicardial ablation are associated with a somewhat better outcome. However, the risks of major complications associated with epicardial ablation are considerable. 77 Another aggressive study with endocardial ablation, adjuvant epicardial ablation, and substrate modification had an excellent long-term arrhythmia-free survival rate of 71% with a mean follow-up of 56 AE 44 months. 74 However, these results are from highly experienced centers and the same results may not be attainable in most centers.
| ICD
ICD implantation is the only proven therapy for the prevention of SCD in patients with ARVC. The most important decision in patients with ARVC is whether to implant an ICD or not. 78 As the outcomes of ARVC studies are so diverse, recommendations on ICD therapy for primary prophylaxis are challenging. 7 Inducibility at electrophysiologic study and nonsustained VT are reported as independent strong predictors of an appropriate ICD therapy implanted for primary prevention. 78 Another recent study reported that 47% of the patients implanted for primary prevention of life-threatening arrhythmic events received an appropriate shock during 5.8 years of followup. 23 Their conclusion was that patients with risk factors such as a male gender, participation in strenuous exercise after the diagnosis, history of atrial fibrillation, syncope, and hemodynamically tolerated sustained monomorphic VT should be recommended for an ICD implantation. 23 In a large (n = 610) meta-analysis with patients with ARVC who underwent ICD implantations for primary or secondary prevention of SCD, the annual rate of appropriate and inappropriate ICD intervention was 9.5% and 3.7%, respectively, during a mean follow-up of 3.8 years. 73 Patients with a history of an aborted SCD, poorly tolerated VT, and syncope have the greatest risk of SCD, and ICD therapy is recommended in this group. This meta-analysis revealed a low incidence of cardiac and noncardiac mortality after ICD implantations in patients with ARVC. However, it also showed that ICD-related complications are common and lead to considerable ICD-related morbidity. 73 Asymptomatic ARVC patients who underwent ICD implantations only because of a family history of SCD may not benefit from ICD therapy.
The proper sensing and pacing by the ICD may be difficult in diseased RV. 78, 79 Therefore, particular attention should be paid to a progressive decrease in the R-wave sensing amplitude during the follow-up, which may compromise an adequate device function and may indicate a disease progression. 6 Two studies showed that 4% of patients required an additional septal lead owing to the malfunction of lead at the RV apex during mean follow-up of 3.3 and 4.7 years, respectively. 78, 79 To prevent this complication, implantation of lead at RV septum is recommended ( Figure 6 ).
A single-chamber ICD system is recommended to minimize the incidence of long-term lead-related complications especially in the young. 6 As, ATP is highly effective (92%) in terminating VT episodes in ARVC patients, all ICDs should be programmed for ATP and the conventional transvenous ICD is preferred.
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F I G U R E 6 Thirty-year-old woman survived a cardiac arrest due to ventricular fibrillation. After a diagnosis of arrhythmogenic right ventricular cardiomyopathy (ARVC) was made, an implantable cardioverter defibrillator was implanted in the right ventricular septum to avoid sensing problems associated with fibrofatty infiltration in the right ventricular apex
| Heart transplantation
Heart transplantation is recommended as a final therapeutic option in ARVC patients with refractory heart failure or VT/VF. Data from Johns Hopkins Registry showed that the most common indication for cardiac transplantation was heart failure and the 1-year survival rate was excellent as 94%. 
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